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Edited by Thomas So¨llnerAbstract In coated vesicle formation, coat protein recruitment
needs to be spatially and temporally controlled. The coating pro-
cess involves conformational changes of the coat protein com-
plexes that activate them for interaction with cargo or
machinery components and coat polymerization. Here we discuss
mechanisms that have emerged recently from studies of the clath-
rin adaptor and the COPI systems.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Coated vesicles mediate the intracellular transport of pro-
teins and membranes. Three types of transport vesicles have
been characterized in detail so far: clathrin-coated vesicles that
shuttle between the trans-Golgi network, endosomes, lyso-
somes and the plasma membrane; COPII-coated vesicles that
mediate exit from the ER; and COPI-coated vesicles that func-
tion within the early secretory pathway (Fig. 1; reviewed by
[1]). For vesicle formation, coat proteins (Sec23/24 and
Sec13/31 for COPII vesicles [2], adaptor protein complexes
and clathrin proteins for clathrin-coated vesicles (reviewed
by [3]), and coatomer for COPI vesicles [4,5]) are recruited
to the donor membrane from the cytosol. In each case, coat
recruitment is governed by a small GTPase, Sar1p for COPII
vesicles [6,7], and Arf for both COPI vesicles [8,9] and various
clathrin vesicles (Arf1 for AP-1 [10,11], AP-3 [12] and AP-4
[13]). With regard to the coat complexes, structural similarities
exist between the coatomer subunits a, b 0 and e and the
clathrin proteins, and between b, c, d and f-COPs and the four
subunits of the adaptor complexes AP-1 to AP-4 of clathrin-
coated vesicles, as shown in Fig. 2 [1,14–16]. Target proteins
and lipids are packaged into these vesicles either at the location
of their synthesis (e.g. the ER or the Golgi apparatus), or their
entry point into the cell (e.g. the plasma membrane), and are
transported to their respective target organelles.
Formation of a transport carrier involves recruitment of
GTPases and coat proteins in order to deform the donor mem-
brane into a vesicle before it can fuse with its target membrane*Corresponding author. Fax: +49 6221 54 4366.
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doi:10.1016/j.febslet.2007.03.020to deliver cargo. Thus, one round of vesicular transport in-
cludes coating and uncoating of a membrane, and membrane
fusion. The energy needed for fusion is produced by the (exo-
thermic) formation of a bundle of coiled coil proteins, the t-
and v-SNAREs. The dissociation of this SNARE complex is
ATP-dependent and catalyzed by NSF. The energy needed
for vesicle formation may be produced by the binding of coat
proteins and small GTPases to the membrane. Analogous to
SNARE complex dissociation, GTP hydrolysis catalyzed by
the small GTPases promotes uncoating of the vesicle. Confor-
mational changes of coat protein subunits seem to play a role
in a number of steps during vesicle formation. Energy derived
from either phosphorylation cycles or chaperone-like, nucleo-
tide triphosphate-dependent reversal of protein conformations
(similar to the action of NSF) is used to alter the conforma-
tions of the coat proteins, thus driving vesicle formation.
Therefore, vesicle formation depends on sophisticated ma-
chines that remain dynamic during their operation.
Here, we discuss the conformational changes of proteins in-
volved in vesicular transport, divided into two diﬀerent catego-
ries: those induced by phosphorylation/dephosphorylation
events and those caused by ligand binding and reversal by
putative chaperone-like mechanisms.2. Phosphorylation-induced conformational changes
The AP-2 complex and its vital role in clathrin-mediated
endocytosis is the most extensively studied vesicle coating sys-
tem. As part of the clathrin coat, adaptor complex 2 binds di-
rectly to phosphoinositides [17–20], cargo proteins [21], cargo
receptors [22] and coating machinery, like GTPases [23] and
the scaﬀolding clathrin [24] (reviewed by [25]).
The AP-2 complex is the ﬁrst coating protein in which a con-
formational change was described [26]. Using limited proteol-
ysis, Matsui et al. observed that the l2-subunit of soluble AP-2
was more resistant to trypsin digestion than that of clathrin-
coated vesicle-bound AP-2. Fingerhut et al. [27] found that
binding of AP-2 to cargo can be modulated by phosphoryla-
tion [27]. Using surface plasmon resonance interaction analy-
sis, they showed a 30-fold increase in aﬃnity of AP-2 to
Yxx/-based cargo-sorting signals upon phosphorylation, and
phosphorylated AP-2 exhibited an increased binding to mem-
branes. Interestingly, phosphorylation of l2 is also essential
for endocytosis [28]. A corresponding kinase, adaptor-associ-
ated kinase 1 (AAK1) that speciﬁcally phosphorylates
Thr156 of the l2-subunit was identiﬁed [29,30]. Another ki-
nase, cyclin G associated kinase (GAK, auxilin-2), can alsoblished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of major pathways of vesicular transport in a mammalian cell. Some of the pathways indicated are still under
debate.
Fig. 2. Structural similarities of coat proteins. In the table, protein subunits of the various coats, are listed along with their functional homologies.
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ble functional redundancy between AAK1 and GAK. This
hypothesis is supported by the fact that knockdown of
AAK1 or overexpression of a dominant negative mutant of
AAK1 does not disturb clathrin-mediated endocytosis [32].
Recently, GAK was also found to be involved in early stages
of clathrin-coated vesicle formation [31,33–35].
In 2002, the X-ray structure of the core of AP-2 (without the
ear domains of a- and b2-adaptin) was solved by Owen and co-
workers [19]. In this crystal structure, the binding pocket for
Yxx/ motifs is inaccessible, as it is covered by b2-adaptin.
The authors concluded that the crystallized form corresponds
to the inactive, cytosolic form of AP-2 with Thr156 unphos-
phorylated, and that a conformational change would be re-
quired to open the binding site on l2. It is then likely that
phosphorylation of Thr156 in the l2-subunit, located in the
linker connecting two l2-domains, induces this conforma-
tional change, and that the increased aﬃnity of phosphory-lated AP-2 for cargo is due to the conformational change
opening its binding pocket. Thus, AP-2’s aﬃnity for cargo is
directly modulated by a phosphorylation-induced conforma-
tional change.
Cargo binding to AP-1 is also regulated by phosphorylation
[36]. The AP-1 complex is thought to mediate transport from
the TGN to endosomes/lysosomes [37], although recent studies
have proposed a role for AP-1 in recycling from endosomes to
the TGN [38,39]. Like AP-2, AP-1 was shown to bind to cer-
tain cargo motifs (e.g. the cytoplasmic tails of cation-depen-
dent and cation-independent mannose-6-phosphate receptors
(MPR; [40–42])), and to interact with the coating machinery
GTPase Arf1 [43] and with clathrin [24]. Like in the AP-2 sys-
tem, AP-1’s aﬃnity to cargo peptides decreased dramatically
upon dephosphorylation of AP-1 [36]. Limited proteolysis of
phosphorylated and dephosphorylated AP-1 revealed a con-
formational change, as the l1-subunit exhibited higher suscep-
tibility to trypsin in the phosphorylated form. The observed
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binding upon phosphorylation is analogous to the behaviour
of AP-2 described by Fingerhut et al. [27] and Ricotta et al.
[29], indicating that, in both systems, a phosphorylation-in-
duced conformational change is employed to activate cargo-
binding by the adaptor protein complex. A likely candidate
to mediate phosphorylation of AP-1 in vivo is GAK [44].
Similarly, binding of cargo to the monomeric adaptor pro-
teins GGAs (Golgi-localizing, c-adaptin ear homology do-
main, Arf-binding proteins) is modulated by phosphorylation
[45]. GGAs localize to the TGN and are thought to cooperate
with AP-1 to mediate transport to lysosomes and endosomes,
binding to cargo via their VHS (VPS-27, Hrs and STAM) do-
main [46,47], to the small GTPase Arf via its GAT (GGA and
Tom1) domain [48,49], and to clathrin via clathrin boxes in the
hinge region [50].
In GGAs, phosphorylation induces an eﬀect opposite to that
in adaptor complexes. Binding of GGA1 to cargo proteins
(MPR) increases upon dephosphorylation of GGA1 by protein
phosphatase 2A, whereas the cytosolic, phosphorylated form is
inactive [45]. According to Doray et al. [51], an internal AC-
LL motif in GGAs 1 and 3 binds to and blocks the VHS bind-
ing site upon phosphorylation of Ser355, and dephosphoryla-
tion relieves autoinhibition. In order to investigate the
phosphorylation-dependent conformational dynamics of
GGA1/3, phosphorylated and dephosphorylated GGA1 were
submitted to gel ﬁltration and sucrose gradient analysis. A
striking 2 nm change in the Stokes radius of GGA1 was found
upon phosphorylation, indicating a conformational change.
The authors attributed this change to the AC-LL motif-con-
taining hinge domain moving out of the VHS domain-binding
pocket [45,51].
This mechanism mirrors the induced conformational
changes in AP-2 and AP-1 that activate the adaptor complexes
for cargo binding.
In summary, phosphorylation-induced conformational
changes are used in adaptor proteins and adaptor-like proteins
to speciﬁcally recruit these complexes to the membrane and
activate them for cargo binding. It is of note that phosphory-
lation is also used for disassembly of clathrin-coated vesicles,
as phosphorylation of AP-2 in its a and b2 subunits, and
AP-1 in its b1-subunit, leads to dissociation of the clathrin coat
[52].
In the COPI system, phosphorylation of the b- and d-sub-
units of the coat protein complex coatomer has been reported
[53]. However, no functional data indicating a possible role for
this modiﬁcation during COPI vesicle budding has been de-
scribed to date.3. Ligand-induced conformational changes
Recently, various conformational changes induced by ligand
binding have been described to occur during the course of ves-
icle formation.
Haucke et al. found a conformational change induced in AP-
2 upon binding of Yxx/-based cargo signals. The authors
investigated the interaction of AP-2 with synaptotagmin, a
transmembrane protein that binds to AP-2 via its C2B domain
and may act as an AP-2 recruitment site on the plasma mem-
brane [54,55]. In the presence of Yxx/-signal-bearing peptides,
binding of synaptotagmin to AP-2 and recruitment of AP-2 tomembranes was increased [56]. A conformational change of
AP-2 upon binding of a Yxx/-signal-containing peptide was
shown by altered susceptibility to limited proteolysis of AP-
2’s a-adaptin core domain. Later studies revealed that
synaptotagmin binds AP-2 via l2- and a-adaptin, and that
the binding aﬃnity of isolated l2 (outside the context of the
AP-2 complex) to a C2B-domain was not increased in the pres-
ence of a Yxx/-signal-containing peptide [57]. Therefore, it
was proposed that the conformational change observed within
AP-2 [56] includes other subunits of the complex.
The conformational change induced by binding of a Yxx/-
signal was interpreted as an activation of the AP-2 complex
for cargo binding. This hypothesis was further supported by
Boll et al. [58], who investigated binding of AP-2 to the low
density lipoprotein (LDL) receptor via its signal sequence
FDNPVY (consensus sequence: FxNPxY). They showed that
LDL receptor signal-containing proteins bound the l2 subunit
on a site diﬀerent from both synaptotagmin’s C2B binding site
and the Yxx/-signal binding site, and that the presence of
Yxx/-peptides increased AP-2’s binding to a FDNPVY pro-
tein. Like Haucke [56], they detected a conformational change
in AP-2 upon addition of a peptide containing a Yxx/-se-
quence. Again the susceptibility of b-adaptin to proteases
changed in the presence of Yxx/-peptide. However, the bind-
ing site for FxNPxY-motifs remains unknown.
It is generally believed that the AP-2 complex undergoes a
structural rearrangement during membrane recruitment that
regulates its ability to bind to various cargo signals. It is of
note that the conformational change observed by Haucke
[56] and Boll [58] is not induced by phosphorylation, as no ki-
nases were present in their experiments. Thus, it may be spec-
ulated that two sequential conformational changes of the AP-2
complex take place during its recruitment to the donor mem-
brane: the ﬁrst one by phosphorylation to recruit the complex
to the membrane and allow Yxx/-signal binding, and the sec-
ond one, induced by ligand binding to the now-accessible
Yxx/-binding site, to allow for subsequent binding of addi-
tional proteins.
The role of Yxx/-signal-containing proteins in clathrin-
mediated endocytosis was further analyzed by Haucke [59].
Using a liposome-based system, peptides bearing these signals
were shown to induce AP-2 clathrin cage formation. Cargo
proteins have been proposed to be crucial parts of the vesicle
formation machinery, based on in vivo data showing that, of
the large number of clathrin-coated pits formed spontaneously
on the plasma membrane, only a small fraction proceed to
form clathrin-coated vesicles [60]. The authors proposed that
the presence of cargo proteins, e.g. Yxx/-signal containing
proteins, stabilizes coated pits and allows them to proceed to
form vesicles.
Likewise, for AP-1 recruitment, the minimal machinery has
been characterized [61–63]. It is composed of the small GTPase
Arf1 in its active, GTP-bound form, phosphatidylinositol
phosphates as lipid components, and Tyr-based cargo signals
present on the donor membrane. Ligand-induced polymeriza-
tion of AP-1 was shown in an in vitro, liposome-based system
in which AP-1 oligomerized in the presence of Arf-GTP and
Tyr-based cargo peptides (Yxx/-based signals). The lattice of
polymerized AP-1 can then be dissociated by GTP hydrolysis.
Polymerization of AP-1 may be caused by a conformational
change of the complex, selectively triggered upon recruitment
to the membrane. This rearrangement could serve either to
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in coat lattice formation.
In contrast to the clathrin/adaptor protein system, the COPI
coat protein coatomer is recruited en bloc to the donor mem-
brane, where the complex interacts with the cytoplasmic tails
of transmembrane proteins [64–67]. Certain transmembrane
proteins (e.g. p24-family members) are enriched in COPI vesi-
cles and can be found in stoichiometric amounts compared to
coatomer [65]. Coatomer recruitment is mediated by Arf1 in its
active, GTP-bound form [5,8,9]. Arf1-GTP binds coatomer via
e-COP [15], b- and c-COP [68,69], and b 0 and d-COP, as re-
cently described [70]. The interaction with d-COP was found
to be nucleotide-dependent only in the context of the whole
coatomer complex, as isolated d-COP bound both Arf1-GDP
and Arf1-GTP. Thus the binding pocket for Arf1 in d-COP
may be opened upon GTP-dependent membrane recruitment
of coatomer, reminiscent of the induced activation of AP-2
by phosphorylation during membrane recruitment.
Synthetic COPI vesicles can be generated from liposomes
with a certain lipid composition using coatomer and Arf1
alone [71]; however, when lipopeptides representing cytoplas-
mic domains of certain transmembrane proteins were incorpo-
rated into liposomes, COPI vesicle budding was independent
of the lipid composition of the donor membranes [72], charac-
terizing these cytoplasmic domains as part of the minimal
membrane machinery for COPI vesicles.
In solution, interaction of coatomer with the cytoplasmic
domain of the transmembrane protein p23 was shown to in-
duce a conformational change and aggregation of the complex.
This aggregation likely represents coatomer polymerization
during COPI vesicle formation, as COPI vesicle-bound coa-
tomer and coatomer polymerized by the cytoplasmic domain
of dimeric p23 in vitro showed identical patterns after limited
proteolysis, indicating similar conformations [73].
Most recently, it was shown that all members of the p24-
family proteins and some additional cycling membrane pro-
teins bind as dimers to two independent sites in the coatomer
subunit c-COP, and that dimers of p23 induce a conforma-
tional change in the trunk domain of c-COP [67]. In contrast,
cargo proteins, e.g. an ER-resident oligosaccharyl transferase
subunit, bind to coatomer via the propeller domains found
on a- and b 0-COP [74], and this binding does not cause aggre-
gation of the complex [73]. The conformational change in-
duced by binding of p23 to the trunk domain of c-COP is
transduced within the complex to its peripheral subunit a-
COP, as most recently observed by single-molecule ﬂuores-
cence resonance energy transfer (personal communication).
This is the ﬁrst direct measurement of a conformational
change in a coat protein, as previous studies relied on evidence
from either gel ﬁltration or limited proteolysis, or were extrap-
olated from crystal structures. The observed transduction of a
conformational change to a-COP is of particular interest, as
both a-COP and b 0-COP harbor WD40-domains thought to
interact with cargo proteins bearing dibasic cargo signals
[74]. Thus, upon binding of certain transmembrane proteins
(e.g. the p24-family member p23) to c-COP, coatomer may
be activated for cargo binding. This mechanism would be anal-
ogous to the observed response of AP-2 to Yxx/-signal bind-
ing, which activates the complex for subsequent binding of
additional proteins.
Likewise, or in addition, the newly acquired conformation of
coatomer could serve not only to lock the complex onto thedonor membrane, but also to allow coatomer-to-coatomer
interactions that lead to polymerization of the coat protein
on the membrane, thus inducing the formation of a coat lat-
tice. In this case, polymerized coatomer would represent a
low energy state of the complex. Uncoating is then initiated
by Arf1-catalyzed GTP-hydrolysis [75], which, according to
our model, releases the coat lattice from the vesicles. This lat-
tice would then be dissociated and coatomer reverted into its
soluble (higher energy) state by chaperone-mediated ATP
hydrolysis.
Altogether, coat protein complexes emerge as fascinating
machines whose dynamics can be regulated not only by the
vesicle machinery itself, but also by their cargo molecules.References
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